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Physical properties of thin-film field emission cathodes 
with molybdenum cones 

C. A. Spindt, I. Brodie, L Humphrey, and E. R. Westerberg 

Stanford Research Institute, Menlo Park, California 94025 
(Received 18 March 1976; in final form 15 July 1976) 

Field emission cathodes fabricated using thin-film techniques and electron beam microlithography are 
described, together with effects obtained by varying the fabrication parameters. The emission originates 
from the tip of molybdenum cones that are about 1.5 ^ra tall with a tip radius around 500 A. Such 
cathodes have been produced in closely packed arrays containing 100 and 5000 cones as well as singly. 
Maximum currents in the range 50-150 ft A per cone can be drawn with appUed voltages in the range 
100-300 V when operated in conventional ion-pumped vacua at pressures of 10~* Torr or less. In the 
arrays, current densities (averaged over the array) of above 10 A/cm' have been demonstrated. Life tests 
with the lOO-cone arrays drawing 2 mA total emission (or 3 A/cm^ have proceeded in excess of 7000 h 
with about a 10% drop in emission current Studies are presented of the emission characteristics and 
current fluctuation phenomena. It is tentatively concluded that the emission arises from only one or a few 
atomic sites on the cone tips. 



PACS numbers: 79.70. +q, 29.25.Bx. 52.80. Vp 

I. INTRODUCTION 

Several years ago Spindt and his co-woricers at SRI^'' 
developed methods for fabricating arrays of minute 
cones for use as field emission cathodes by evolving new 
techniques in thin-film technology and electron beam 
microlithography. Since that time the technology of fab- 
rication has been advanced » taking advantage of im- 
provements in silicon thin-film technology instigated by 
the growing needs of the semiconductor industry. The 
technology now allows the cathodes to be made in arrays 
of up to 5000 cathodes at packing densities up to 
6.4xlOVcm^ 

Apart from the precision with which individual cones 
may be positioned and the ability to pack large numbers 
of identical cones into small areas , a major advantage 
offered by these cathodes is the very low voltages at 
which they operate. These voltages range from 100 to 
300 V for useful emission, compared with values rang- 
ing from 1000 to 30000 V for conventional etched wire 
emitters. This low-voltage operation is achieved by 
placing the accelerating electrode close to the tip and 
making the radius of the tip very small. The low voltage 
of operation of these cathodes makes them less vulner- 
able to damage by ionization of the ambient gas.' Hence , 
the low voltage allows the cathodes to operate continu- 
ously with very stable emission properties and long life, 
at pressures higher than those necessary for conven- 
tional fi^ld emitters, and without resorting to strate- 
gems of intermittent or continuous heating. Further- 
more, the arrays are capable of operating at effective 
current densities (averaged over the area of the array) 
of greater than 10 A/cm' continuously, far higher than 
can be obtained with thermionic cathodes with a rea- 
sonable life expectancy.^ 

Molybdenum is a particularly good material to use for 
the sharp pointed cones, from which the electrons are 
emitted. A high degree of reproducibility has been 
achieved with this material, even though the cathodes 
cannot be heated to the temperatures necessary to com- 
pletely remove absorbed and dissolved gases from the 
region of the eniitting area. Molybdenum is not con- 
sidered to be necessarily the ideal material for the 
cone, and studies are now being made using materials 



with lower work functions to further decrease the 
operating voltages. However, molybdenum has proper- 
ties that are very useful in fabricating cones and a large 
amount of the data has been accumulated on tills mate- 
rial. The purpose of this paper is to describe the manu- 
facture and properties of this type of thin-film field 
emission cathode and compare its performance with 
conventional etched molybdenum cathodes. 

II. DESCRIPTION OF THE TFFEC AND ITS METHOD 
OF FABRICATION 

The thin-film field emission cathode (TFFEC) con- 

MOLYBDENUM 
GATE FILM » 




(b) 

FIG. 1. Schematic diagram and scanning electron micrograph 
of a thin-film field emission cathode (TFFEC). 
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FIG. 2. Ihin-film field emission cathode fabrication. 



sists basically of a conductor/insulator/conductor sand- 
wich (Rg. 1). The top conductor or gate film has holes 
of from 1.0 to 3 ^xm in diameter in it, throueJi wliich a 
cavity can be etched in the insulator. This cavity under- 
cuts the gate and uncovers the substrate conductor. A 
metal cone, whose base is attached to the substrate and 
whose tip is close to the plane of the gate mm Is then 
formed in the cavity. 

Heavily doped silicon is preferred as the substrate, 
since silicon dioxide caii be grown on its surface to 
thickness of around 1 ^m with excellent adherence, no 
porosity, and high-Held breakdown strength. A film of 
molybdenum (about 0. 4 \km thick) is vacuum deposited 
on the silicon dioxide to provide the gate electrode. The 
cone height, tip radius, and gate aperture are variables 
of the fabrication technique that offer some control over 
the current-voltage characteristic, as discussed in 
Sec. niD, 

The present method of fabrication is as follows: 

(a) Obtain standard 5-cm-diam silicon wafers, 0. 75 
mm thick of highly conducting (0.01 0/cm) silicon, as 
are used for semiconductor fabrication. 

(b) Oxidize the wafers to the desired thickness— 
usually about 1.5 fim— using standard oxidation 
techniques." 

(c) Cut wafers into squares of a size suitable for 
handling by scribing and breaking. 

(d) Coat the oxide with a uniform layer (0. 4 ^m thick) 
of molybdenum. Electron beam evaporation is more 
convenient for this purpose than sputtering. 

(e) Coat the squares on the molybdenum side with an 
electron -sensitive resist, PMM (poly-methyl- 



methacrylate), to a thickness of about 1 ^im, using 
standard spinning methods. ' 

(f) Expose the resist-coated surface in vacuum to a 
pattern of electron beams focused to form an array of 
spots in the desired configuration. The electron projec- 
tion techniques were devised by Westerberg, and the 
detaUs of these techniques are given elsewhere. ' The 
exposed spots are usually about 1 Mm in diameter. 
Square arrays on 25. 4- and 12. V-^ni centers have been 
made. 

(g) Remove the PMM that has been exposed to elec- 
trons, by dissolving these areas in isopropyl alcohol, 
ejqjosing the underlying molybdenum. Then, selectively 
etch the molybdenum through to the silicon dioxide 
layer. 

(h) Remove the remaining PMM. Then, etch the siU- 
con dioxide down to the silicon base with hydrofluoric 
acid solution. At this point, the structure takes the form 
illustrated in Fig. 2(a). The molybdenum layer is 
undercut by removal of silicon dioxide, since the acid 
does not attack molybdenum. 

(I) Mount the substrate in a vacuum deposition system 
and rotate the substrate about an axis perpendicular to 
its surface. A parting layer of aluminum Is deposited 
at grazing incidence. In this way the size of the holes 
can be decreased to any desired diameter [Fig. 2(b)]. 

(j) Deposit molybdenum through the partially closed 
holes by electron beam evaporation from a small source 
at normal incidence. The size of the hole continues, to 
decrease because of condensation of molybdenum on Its 




(a) 



(b) 




(c) 



FIG. 3. An array of 5000 thin-fUm field emission cathodes on 
0. 0005 -in. centers, (a) Cathode chip mounted oo a ceramic 
holder, (b) Portion of the 5000-tip array magnified, (c) High 
magnification of part of the array, (d) Ultrahigh magnlficaUon 
of a tip in the array. 
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FIG 4 Micrograph of cathode array showing the results of 
sandwich breakdown between two of thfe cones and the gate film. 

periphery. A cone grows inside the cavity as the molyb- 
denum vapor condenses on a smaUer area, Umited by 
the decreasing size of the aperture. The point is formed 
as the aperture closes. Considerable control of the cone 
height, angle, and tip radius is obtained by choice of 
the starting aperture size, the thickness pf oxide layer, 
and the distance of the evaporation source from the 
substrate. 

(Jc) Dissolve the parting layer of aluminum, releasing 
the molybdenum fUm deposited during the cone forma- 
tion step. After a thorough cleaning, the cathode is 
ready for mounting in a vacuum tube. 

Using these procedures, cathodes with 1, 100, and 
5000 emitting cones have been grown. The 100-cone 
array was arranged in a 10x10 matrix with 25,4 
spacing, the total cathode area covering a square that is 
0.25 mm on each side. The 5000-cone array was 
arranged in a circular area 1.0 mm In diameter, with 
the emitting cones placed in a rectangular matrix with 
12.7 ^m spacing. Figure 3 shows a 5000-cone array at 
various magnifications. The data shown in Figs. 3(c) 
and 3(d) were obtained with a scanning electron 
microscope. 

The cathodes were mounted on a ceramic header and 
spaced at a suitable distance from a metal coUector 
electrode. Tests are made in ion-pumped systems at 
ambient pressures of 10^ Torr or less. Stringent high- 
vacuum procedures (including a 350-450 "C bakeout) 
were necessary to avoid disruption of the cathode early 
In life. This disruption appears to be caused by a local 
gas discharge forming between the tips and the gate 
electrode. After such disruption the cathode takes the 
appearance shown in Fig. 4. 

Note that single elements can be disrupted without 
destroying the whole array. Also, the site where the 
discharge occurred usually remains open-circuited be- 
tween the base and the gate so that ttie device Is stUl 
^operable. Outgassing of the active components of the 
tube, including the cathode Itself, is the main source of 
gas for this discharge. This effect can be essentially 
eUminated by bombarding all the active parts of the 
tube (including the cathode) with electrons from a sepa- 
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rate tungsten thermionic filament, appropriately dis- 
posed in the tube. 

An important difference between the TFFEC and the 
conventional etched wire field emitter is that TFFEC 
cannot be heated to temperatures above 700 ^C, due to 
distortion caused by the stresses set up by the different 
thermal expansions of the component layers. Thus, the 
adsorbed gases on the surface of the Up and sources for 
their replenishment by surface or solid diffusion are 
never completely removed. Furthermore, the growth of 
a single crystal at the tip, with the usual field Aeat 
emission enhancement effects due to buildup at the crys- 
tal boundaries, is not evident. 

Field emission micrographs from a single TFFEC 
point were made, and one or a few lobes were observed 
without regular structure. Twinkling and movement of 
the lobes were observed. 

III. EMISSION PROPERTIES 

A. Theoretical background 

The generally accepted Fowler -Nordheim theory • for 
a clean metal surface relates the field emission current 
density, «/, to the electric field at the surface, E, in 
volts/cm and the work function <t> in electron volts by 
the equation 

where 

A = l. 54X10-*, 



(1) 
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FIG. 5. Comparlison of approximate forms with exact solutitos 
for the Fowler-Nordhelm field emission functionis viy) and 
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FIG. 6. gi4>) as a function of 0. 
B = 6. 87X10', 

y is the Schottky lowering of the work-function barrier. 

The functions v{y) and /O?) have been computed® and, 
as can be seen from Fig, 5, we can use as a close 
approximation over the operating range of most cathodes 
the following values: 



= and t;(y) = 0.95-/. 



(3) 



Typically, the field emission current / is measured 
as a function of the applied voltage V and we can substi- 
tute J=l/a and ^ K in Eq. (1), where a is the emit- 
ting area and ^ is the local field conversion factor at 
the emitting surface. Combining these relationships 
gives 



/=aK»exp(-6/V), 
where 



^172 y 



6 = 0.95B</>*^Vi3. 
By differentiating Eq. (4) we obtain 



dV V \ V I 



(4) 



(5) 



(6) 



(7) 



Thus, by measuring /, and dl/dV at any given point 
on the current -voltage characteristic we may obtain the 
value of ft at a specific current / from Eq. (7). Substitu- 
tion of 6/7 in Eq. (4) gives a. 

Since we have three unknown constants to determine 
in a given field emission situation— namely, a, /3, and 
0— it is impossible to separate th'em with a knowledge 
of a and b only. An independent method must be found 
of measuring one of them or finding some other rela- 
tionship between them. 

Following Van Oostrom*** and Charbonnier and 
Martin,** we note that 

1.1 ^T75 -) ' 



The function ^«) = <^»»exp(9. 89/0'^') is plotted in 
Fig. 6 over the range « = 1 to « = 12. This shows that 
if a fixed value of j?(0) = 225O Is chosen, then the error 
will not be greater than ±10% over the range 0 = 3.4 to 
0 = 11.6. Fortunately, this covers the work -function 
range of many practical field emitters. Using the above 
value for g{<t>) enables us to estimate the emitting area 
a to ± 10% from the relation 



(9) 



(10) 



a=:a&V(1.34xl0") cm^ 

Combining Eqs, (4) and (9) we obtain 

a (&VV)exp(6/lO 
/ ~ 1.34xlO'» * 

This relationship is plotted in Fig, 7 for values oib/V 
in the range 5—15. This covers the practical range for 
field emission. Figure 7 shows clearly that to estimate 
a within a factor of 3, h/V must be obtained with a pre- 
cision of better than ±10%. 



Equation (7) gives 



-2 



(11) 



b V dl 
V ^ I dV 

so that the individual measurement of V, /, and dl/dV 
must be precise to about 1% for this method to have an 
error even approaching that of Eq. (9) for the emission 
area. In practice dl/dV is difficult to measure with the 
required precision. 

As can be seen from this analysis, the order of 
magnitude of the apparent emitting area or can be ob- 
tained by the measurement of /, K, and dl/dV^ provided 
the cathode is aged to the point where good Fowler- 
Nordheim plots are obtained. 
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FIG. 7. a/I as a function of h/V, 
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FIG. 8, Fowler-No rdheim plots for representative cathodes. 



B. Current*voltage characteristics 

In Fig. 8 Fowler-Nordheim plots for different variet- 
ies of cathodes — namely, single-cone TFFEC*s, arrays 
of 100 TFFEC's, and arrays of 5000 TFFEC's— are 
compared with an etched molybdenum wire. The etched 
wire was not heat treated, so the condition of its tip was 
similar to that of the TFFEC cones. Etched wire 
emitters show considerable variability in their emission 
performance from one sample to another. Although they 
all evinced straight -line Fowler-Nordheim plots, the 



voltage to draw 1 of emission varied from 1000 to 
2500 V. 

As will be seen, reasonable straight lines are ob- 
tained for the TFFEC 's and, in the samples chosen, are 
nearly parallel to each other. The displacement is 
approximately equal in ratio to the number of emitting 
points. Differences among the cathodes are attributed 
mainly to different dimensions in the samples of cone 
heights, gate hole diameters, and tip radii. 

An Important conclusion from these results, verified 
by scanning electron microscope studies, Is that the 
Individual cones In any given array must be almost 
Identical, with a very small spread In the field conver- 
sion factor p among them. We note from Dyke and 
Dolan's tables" that a deviation of E {- pv) of only 20% 
from the average would increase or decrease the emis- 
sion of an individual cone by a factor of more than 10 
(assuming a work function of about 4.5 eV and fields of 
about 5x10^ V/cm). 

The maximum current that can be drawn from a single 
TFFEC tip is usually in the range 50-150 fiA for a 
well -aged tube. If the current exceeds this value the 
cone completely disrupts in a manner analogous to the 
disruption of field emitting whiskers in vacuum break- 
down. " Currents up to 5 mA (corresponding to an effec- 
tive current density of 8 A/cm^) have been drawn from 
the 100-cone arrays on 25.4-^m centers and, under 
pulse conditions, currents of up to 100 mA (correspond- 
ing to a current density of 12 A /cm*) have been drawn 
from 5000-cone arrays on 12. l-txm centers. In the 
latter case the main difficulty in reaching an anticipated 
50 iiAx5000 = 250 mA (or 30 A/cm') current has been 
associated with the anode of the tube, which was not 
designed to dissipate the powers Involved. 

C. Estimation of the emitting area 

We attempted to measure the emitting area of ttie 
cones using the method described In Sec. mA. Average 
values of dl/dV were obtained by precise measurements 
of the change of / with V around the point imder consid- 
eration and by using the lock -in amplifier technique. 
Results for the above cathodes are shown in Table I. 
Apparent emitting areas of the TFFEC's are of the 
order of 1.2x10'** cm*/cone compared to values of 
160x10*" and 71 xlQ*" cm' for two etched points. 

If these results are taken at their face value, It would 



TABLE I. Estimates of apparent emitting areas by the Fowler-Nordheim method. 



Cathode 


Number of 
tips (n) 


V 


/ 


dl 
dV 


b 

V 


a 
/ 


Total appar- 
ent emitting 
(a) 


Average apparent 
emitting area per 
tip {a/ni 


18-11-2T 


1 


139 


1. 92X10-* 


1.3xio-> 


7.41 


7xii)-« 


1.3X10-^5 


1.3X10-" 


17-1-3G 


100 


136 


3.0X10-* 


2.0X10-* 


7.07 


4.3X10-8 


1.3X10-*' 


1.3X10^5 


20-6-3G 


5000 


137 


1,0X10-' 


7.1X10-* 


7,72 


1.0Xlo-« 


i,oxio-*» 


2.0X10^» 


Etched 


















wire No. 1 


1 


2244 


1.0X10-* 


5.4X10-» 


10.1 


1.6xio-» 


1.6X10-" 


160X10-** 


Etched 


















wire No. 2 


1 


1415 


1.19xio-< 


9.5X10-* 


9.3 


6Xl0-« 


7.1X10-*^ 


71X10-*' 
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FIG. 9. Field conversion factor ^ as a function of the polar 
angle $ for the cone tip of a TFFEC. 



appear that only a few atomic sites at the very tip of the 
cones are contributing to the emission. The observation 
is well known^**'" that field emitters that have not been 
treated by the usual field/heat methods to clean and 
'*build up" the tips give anomalously low areas. This 
phenomenon has been attributed to the fact that the sur- 
face remains contaminated with adsorbed gas. Experi- 
ments in which gas is introduced after the tip has been 
cleaned appears to corroborate this conclusion. Gomer 
(Ref. 16, p. 50) has shown that the empirical assump- 
tion of a linear variation of work function with electric 
field, as mi^t be expected from an adsorbed monolayer 
or other surface and band structure effects, leads to an 
apparent reduction in emission area by a factor 

(12) 



/=exp{3y/3&/2<;>o) 



by assuming 4> = <t>o -^yE, where 0o is the woric function 
at zero field. The assumption of a linear variation of 
work function with field is directly analogous to the 
commonly assumed linear variation of work function 
with temperature in thermionic emission that is used to 
interpret the thermionic constants." Comer's derivation 
also shows clearly that if /were smaller than 10'* this 
variation would begin to cause noticeable deviations 
from the Fowler-Nordheim law. 

Due to the perfection with which the cathodes are 
made, we could measure the dimensions of the critical 
parameters that govern the field at the cone tip with 
considerable precision using the scanning electron 
microscope (SEM) down to the resolution of the instru- 
ment used, which was about 100 A. 

A representative set of dimensions (see Fig. 10) was 
as follows: thickness of gate electrode, / = 0,4 ^m; 



diameter of hole in gate electrode: i> = 1.3 ^m; thick- 
ness of insulating layer, rf = 1.4 /xm; cone height, h 
= 1.4 Mm; cone base diameter, 6 = 1.0 /im; tip radius, 
r = 0,05 ^m. These dimensions were used to compute' 
the electric field around the tip. This compuUUon was 
made using a CDC 6400 digiUl computer and the relaxa- 
tion methods to solve Laplace's equation in the inter- 
electrode region. By using successively smaller mesh 
sizes, the equipotentials could be obtained to any de- 
sired degree of accuracy. 

In Fig. 9 the calculated field conversion factor is 
plotted as a function of the polar angle 9 measured from 
the center of curvature of the tip. It is seen that the 
field is essentially constant for 30" and then begins 
slowly dropping off. The value of ^at the center, name- 
ly, A) = l. 25x10' cm*', compares with a value for an 
isolated sphere radius 0. 05 ^m with a concentric 
spherical anode of radius 0.65 jim of /^ = 2. 17 xlO' 
cm"\ This reduction from the isolated sphere case of a 
factor of 1. 7 is reasonable, in view of the presence of 
the shank and the fact that plane-parallel electrodes are 
used. This compares with a reduction factor of 5 men- 
tioned by Gomer** for a conventional free-standing tip 
with the anode essentially at Infinity. 

The effective emitting area can be roughly defined by 
the angle i^ere the field has dropped off by 10% and the 
current density has been reduced by a factor of 5. Using 
this criterion the emitting area woidd be defined by a 
spherical cap radius of 0.05 /xm and a half -angle of 53' 
or 6,3 xlO"" cm^ This area Is more than 10* times 
greater than that estimated from the current -voltage 
characteristics. The field at the tip with 139 V appUed 
would be 1 . 74 xlO^ V/cm'. To obtain 1 . 92 xlO'' A from 
the above area, corresponding to a current density of 
3 xlO® A/cm% would require the work function to be 
about 2. 6 eV, Polycrystalline molybdenum has a work 
function of 4.35 eV,** and the types of contamination 
encountered in normal vacuum systems is likely to in- 
crease the work function. For example, a monolayer of 
oxygen adsorbed on molybdenum Increases the work 
function by 1.5 eV, although nitrogen decreases the 
work function by 0. 7 eV. However, it seems unlikely 
that the tip could have a work fimctlon as low as 2. 6 eV, 
since this would require the adsorption of a highly 
electropositive material such as barium. If we assume 
that the area given by the current-voltage characteristic 
is correct, then the current density at 139 V would be 
1. 7x10^ A/cm*. Using this current density and the work 
function for clean molybdenum, 4.35 eV, we estimate 
from Dyke and Dolan's tabulation of the Fowler- 
Nordhelm equation that the electric field at the surface 
would be 8x10'' V/cm. This high field value would argue 
that the emitting atoms form a protuberance on the tip 
of the cone with a field magnification factor of 8/1.74 
= 4. 6. This magnification factor Is close to that of a 
hemisphere on a plane which is 3, 

Thus it is seen that the results are consistent with the 
hypothesis that the emission area Is close to that given 
by the F/N method of Sec. m A and that the high field 
over a small area is caused by a protuberance on the 
tip. The results are inconsistent with the hypothesis 
that the tip is smooth and that the area reduction factor 
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TABLE n. Effect of changes of cathode dimensions in the 
100-cone array. (Dimensions in fxm. ) 



caCnode 


X 


T 


u 


r lor 


17-13-15 


0 


0.050 


1.3 


120 


17-18-1 E 


0 


0.050 


1.7 


180 


17-18-1 I 


0 


0. 060 


1.9 


225 


17-13-15-F 


+ 1. 05 


0. 050 


1. o 


OO 


17-13-15 E 


0 


0.050 


1.3 


120 


17-13-15 G 


+ 0.14 


0. 050 


1.3 


80 


17-13-20 G 


-0, 28 


0.050 


1.3 


200 


17-13-15 B 


+ 0.84 


0.065 


1.9 


100 


17-18-1 I 


0 


0. 060 


1. 9 


225 


17-18-1 H 


+ 0. 28 


0. 060 


1.9 


190 


17-18-1 D 


A 
U 




1* f 


1 Qfl 


17-18-1 E 


0 


0.050 


1.7 


180 


17-13-16 G 


-0.075 


0. 050 


1.6 


125 


17-13-16 H 


-0.075 


0.130 


1.6 


120 




lower plane of the gate electrode (Fig. 11(b)]. If the tip 
Is made to protrude through the hole, the cathode can 
be made to operate at as low as 50 V to obtain an emis- 
sion of 100 uA. One surprising aspect is that variation 
in the tip radius appears to have a second -order effect 
on the emission over the range 500—1500 A. 

The results indicate that protruding cones, with D as 
small as possible, should be used. However, as a 
practical limit, It has proved difficult to form cones 
that protrude through the hole in the gate electrode with 
values of D less than 1 \im without reducing the oxide 
thickness. 

E. Maximum emission per cone 

The current that can be drawn from an individual cone 
is limited by the initiation of a vacuum arc, which com- 
pletely disrupts the top of the cone. Figure 12 shows the 
effect of a particularly violent disruption of a single 
cone in a 5000-cone array TFFEC. It will be noted that 
despite the splatter of material only one cone was 
affected and no chain of disruption events was set in 



is e:q)lained by a linear work -function dependency on the 
field. This is because a smooth surface would require 
that the work function of the surface be 2. 6 eV which is 
unreasonably low, and an area reduction factor of over 
10* would require substantial deviation from the Fowler- 
Nordheim law which is not observed, 

D. Effects of cathode dimensions on perfonnance 

The 100 emitter arrays were tested to ascertain the 
effect of change of geometry on the emission. The 
geometry was measured using the SEM and the emission 
was characterized by determining the voltage required 
to obtain 100 A of emission current after the tube had 
stabilized. The SEM was also used to determine 
Aether or not any tips were lost during processing. 
Some results grouped to illustrate the effects of three 
of the variables are given in Table n. In this table % is 
the distance of the tip above (+) or below (~) the lower 
plane of the gate electrode, and the other parameters, 
r and D, are as illustrated in Fig. 10. From these re- 
sults, we see that the tip emission is strongly dependent 
on the diameter of the hole in the gate electrode [Fig. 
11(a)] and on the position of the tip with respect to the 
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FIG. 10. Parameter definition. 



(b) 

FIG, U. (a) Voltage for 100 ^A as a function of D\ r= 600 A, 
jr«=0. (b) Voltage for 100 ^A as a function of jr. Case (I) r 
= 600 A, D=1.9Mm; case (H) r«600 A, i)=1.3^m. 
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FIG. 12. Disnqxtlon of a single cone in a 5000-array TFFEC. 

motion. The conditions for this type of disruption have 
been discussed in a number of papers.**''" The current- 
ly accepted mechanism for this voltage range is that, 
provided there is no substantial release of gas due to 
electron bombardment of the anode causing a large in- 
crease in ambient pressure, disruption occurs when the 
hottest part of the cone approaches the melting point of 
the material of which it is composed. This is an un- 
stable situation causing a runaway gasification of the tip 
analogous to an e^loding wire. The temperature is 
governed by the heat -generating mechanisms of Joule 
heating and of the Nottingham effect,'® and the heat-loss 
mechanisms of conduction down the shank and of radia- 
tion. The Nottingham effect tends to hold the emitting 
surface at a critical temperature where the 

energy lost to the surface by electrons txmneling from 
above the Fermi level is exactly balanced by the energy 
given up to the surface by electrons tunneling from be- 
low the Fermi level. To a close approximation is 
given by * 



r, =5. 32 xio-* £:/<;,* ^» <K. 



(13) 



The tips of TFFEC devices disrupt when the emission 
drawn from them is in the range 50—150 ^A. If the 
larger area desired for the cone tip in Sec. mc is 
used, 50 corresponds to a current density of 



J=(50xlO-«)/(6.3xlO-") 
= 8X10=^ A/cm\ 



(14) 



This current density with a work function of 2. 6 eV 
would require E = 2. 2 xlO' V/cm giving --790 TC. On 
the other hand, if the smaller area is used, the current 
density is 

/=(50xl0-«)/(1.2xl0*") 
= 4.1xl0**» A/cm\ 

This current density and a work function of 4. 35 eV 
would require £ = 15 xlO' V/cm giving r^-3800*K. The 
surface is always at a lower temperature than T be- 
cause of the dominant effect of conduction." Thus, to 



account for Up disruption caused by melting, use of the 
smaUer emitting areas with the high T is indicated, 
since the melting point of molybdenum is 2893 TC. 

IV. EMISSION STABILITY 

A. General background 

Time variations of emission from a source can be 
divided into four classes as follows: 

(a) A slow deterioration in the average emission 
characteristics that takes place over long periods of 
time. This Umits the useful tife of the cathode, which 
may be detined by some arbitrary factor such as the 
time for the average emission at a given voltage to de- 
crease by a chosen amount. For use in a microwave 
tube, cathode Uves of from 10000 to 100000 h may be 
desirable. In demountable electron optical devices such 
as a scanning electron microscope, cathode lives of a 
few hundred hours may be acceptable. 

(b) A sudden increase or decrease of emission which 
then remains unchanged for periods of time from 10*^ 
to Itf* sec. These have been caUed "short-term fluctua- 
tions", and are observed mainly on the single -cone 
TFFEC's and the etched wires. 

(c) A low-frequency noise containing frequencies in 
the range 10 Hz to 100 kHz, These fluctuations make up 
the '^flicker" noise. 

(d) The shot noise, which is direcUy related to the 
discrete nature of the electron and usually becomes 
dominant at frequencies above 100 kHz. 

The single cones, the character of the flicker noise 
changes dramatically in bursts that last from 10"* to 
10* sec. These bursts are usually associated with the 
change of emission noted in (b). For arrays the super- 
position of the burst noise from individual cones causes 
the burstlike characteristic to be substantially modified 
(measured as a fraction of the total current). In the 
100-cone arrays bursts are rarely iseen, and the effect 
is essentially nonde tec table in the 5000 -cone arrays. 

In Sec. IV B, measurements on these effects are dis- 
cussed in more detail. 

B. Life 

Five single-cone TFFEC's were put on life test in a 
50.1/sec ion -pumped system at a pressure of more than 
10** Torr. Each TFFEC was operated continuously at 
a current of 1 with a collector potential of 120 V. 
During the initial measuring period, the gate potential 
for 1-jiA emission dropped until a steady value (around 
120 V) was reached. The cathodes then continued essen- 
tially unchanged for 3300 h when the life test was 
terminated. 

Life tests were also made with three of the 100-cone 
arrays. These data were obtained In sealed tubes with 
a 2-l/6ec ion appendage pump as shown in Fig. 13, The 
tubes were processed before they were sealed as de- 
scribed in Sec. n, with a pressure in the tube of about 
lO"* Torr, as measured at the appendage pump. An 
alternating potential at a frequency of 60 Hz was applied 
to the gate that, by its action, produced a rectified cur- 
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FIG. 13. Schematic of life test tube. 

rent, thus reducing the anode dissipation. After an 
initial aging period of a few hundred hours the pressure 
reached a barely detectable level on the appendage ion 
pump, indicating a pressure of less than 10'® Torr. The 
emission was held at a 2 mA peak corresponding to an 
average of 20 peak per cone and an overall peak 
current density of 3.2 A/cm\ This was a stringent test, 
since the peak current per cone approached the disrup- ' 
tion value. The results are shown in Fig. 14, 

The coUector power supply for each of the cathodes 
failed during the Ufe test, causing the electron current 
to be collected by the thin molybdenum gate electrode. 
For two of the cathodes [see Hgs. 14(a) and 14(b)] this 
event occurred early in Ufe and both cathodes slowly 
but completely recovered from this experience over a 
period of about 1200 h of operation, indicating that the 
effect was most likely due to impurities released from 
the gate film being adsorbed on the cone tips rather 
tiian any changes in the geometry of the tips or the dis- 
ruption of some of the cones, both of which would have 
caused a permanent change. Nevertheless both these 
cathodes showed evidence of a subsequent gradual 
decline of emission performance with time, amounting 
to about 10% in 7000 h of total Ufe. The third [Fig. 
14(c)I cathode had its anode supply fail after 4400 h of 
operation at which time it showed an erratic decline, 
but has remained stable at 1.2-mA emission for the' 
last 1000 h. If Brodie's theory* of tip erosion by ion 
sputtering is applied, an approximate Ufe of 



2x10"" 



2x10'" 
IP ^ l20XlO-«)(5XlO-^*>) 



= 2000 h 



is obtained. This assumes a current of 20 ^A per cone 
and a pressure of 5 xlO'" Torr. This value of L is of 
the correct order of magnitude, bearing in mind that 
the ac voltage appUed to the gate is rectified so that the 
cathode is actuaUy operated for less than one-haU the 
time. 

On the otiier hand, Uie erratic decline for cathode 
17-18-5E appeared to occur in steps, which argued that 
cone disruption in groups was taldng place at the higher 
emission density per tip, at which this cathode was 
operating after the coUector supply accident. For this 
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reason, the gate voltage was reduced and although tiie 
total current was also reduced it has remained stable 
for a further 1000 h. 

While much more work on cathode life is necessary 
before definitive conclusions can be made, Uves of 
several thousand hours at overall emission densities of 
3.2 A/cm' can be expected in good ion -pump vacua for 
the 100-cone TFFEC arrays. 

life tests on the 5000 -cone arrays have been planned 
but no data are available at the time of this writing. 

C. Short-term fluctuations 

Figure 15 shows the types of short-term fluctuations 
typically observed with single-cone TFFEC devices, 
as recorded on a strip-chart recorder moving at the 
rate of 0.2 cm/sec. The cathode in this case was weU 
aged by operating it for several hundred hours on a 500- 
1/sec ion -pumped system, which was monitored with a 
quadnipole mass spectrometer. During the entire ex- 
periment, the pressure was lO*'** Torr or better and the 
quadnipole showed that the residual gas was mainly 
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FIG. 14. Life test results: (a) cathode 17-13-17-D: (b) cathode 
17-13-17-G; (c) cathode 17-18-5-E. 
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TFFEC. 



Short-term fluctuations observed with single-cone 



- verse-biased p-n junctions, and Junction transistors. *• 



Tunnel diodes are similar to the field emitters de- 
scribed in this paper, in that electrons are injected into 
the crystal lattice by field emission. In our field emit- 
ters, the electrons were Injected Into a vacuum and it 
was also found with the single-cone TFFEC*s that bursts 
of bistable and multlstable modes occurred. These 
bursts can usually be associated with the short-term 
fluctuations described above. The duration of a given 
burst can be from less than 1 sec to minutes, and the 
bursts can be followed by relatively quiescent periods 
within the same time range. 

The noise bursts consisted of a series of current 
pulses, either positive or negative, superimposed on the 
constant operating current. The character of the pulse 
remains similar during a burst but sometimes varies 
from one burst to another. Observation of these pulses 
on an oscilloscope is limited by the time constant of the 
input circuit. In our initial experiments, this time con- 
stant was fairly large— on the order of 0. 5 msec; this 
caused pulses of the form shown in Fig. 17(a). By using 
an FET source -follower amplifier, the input circuit 
time constant was reduced to less than 2 fxsec. Oscillo- 
graphs taken in this way [Fig. 17(b) J demonstrated that 
the pulses of Fig. 17(a) were actually composed of 
sequences of pulses of equal height whose duration 
varied from a value shorter than the new response time 



hydrogen. Nevertheless the current Is rarely "steady", 
and Is almost always showing bistable changes that 
appear to come In groups. The pulses within a group 
are usually of the same amplitude but the amplitude may 
vary from group to group. For example, in Fig. 15(c) 
where the average emission current was about 2 ^A, 
large bistable changes of 0. 5 or 25% of the average 
current were observed and lasted from 0, 1 to 5 sec. -A 
similar large -amplitude change Is seen In Fig. 15(d), 
Figure 15(b) shows a clear bistable sequence of smaller 
amplitude 0, 12 A at an average current of 1 mA, (I.e. , 
a 12% fluctuation) that lasts from 0. 1 to 2 sec. Note 
that even during the relatively quiescent period shown 
in Rg. 15(a), the changes are always In the form of 
steep sided steps (within the response time of the re- 
corder. ) Similar behavior Is observed with the conven- 
tional etched point. With the 100- and 5000-cone arrays, 
the bistable character of the short-term fluctuations is 
lost and the variation of current with time has a more 
random appearance. Figure 16(a) shows a 100-cone 
array operating at 1 mA or 10 /lA per cone; the rms 
deviation is about 1% Indicating that the noise Is caused 
by the fluctuations of individual cones, as is to be ex- 
pected. For the 5000-tlp array, the fluctuation of In- 
dividual cones Is always too small, compared with the 
total current, to be observed on this scale [Fig. 16(b)]. 

D. Burst noise 

Burst noise has a waveform of bistable or multlstable 
levels that can best be described as a nonstatlonary 
fluctuation superimposed on otherwise white noise," 
It was first observed In the waveform of germanium 
point -contact diodes*' and has subsequently been ob- 
served In tunnel diodes, resistors, forward- and re- 
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FIG. 16. Short-term current fluctuations from TFFEC array 
after 450 *C bakeout and 100 U aging, (a) lOO-cone array; 
(b) 5000-oone array. 
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FIG. 17. Bursts of current pulses from single-cOne TFFEC's. 

(i.e. , less than 2 ^sec) to 20 ^sec. These short pulses 
mi^t consist of unresolved pulses of even shorter 
duration, but we have not been able to reduce the time 
constant further. These results were all obtained in the 
SOO-l/sec ion -pumped system with weU-aged cathodes 



operating In a vacuum of better than 10-**> Torr the 
residual gas being mainly hydrogen. 

The most striking facts about these bursts of pulses 
is that most are of equal height (or bistable) and come 
in groups, which can last for several milliseconds 
although there is a random time distribution of pulses 
within the groups. Furthermore, the milUsecond groups 
themselves come in bursts, with durations from frac- 
tions of a second to minutes. 

When the amplitude of the basic (short) pulse is large 
but the duration of the pulse is less than the response 
time of tiie circuit, the pulse appears as a spike witii a 
sharp front and a characteristic decay. The fact that tiie 
circuit has not fully responded means that the peak does 
not represent the fuU height of the pulse, and in certain 
modes, this effect causes the trace to have a more ran- 
dom appearance [Fig. 17(c)l. However, it seems likely 
that sufficient time resolution would show tiiese pulses 
to be of equal height. 

The superposition of the short pulses from individual 
cones makes Uie burst effect less distinctive in tiie 
arrays, altiiough it is stiU observable. However, in this 
respect the etched wires behave similarly to Uie single 
cones. 

E. Ricker noise spectra 

Hgure 18 gives a schematic diagram of the equipment 
used to measure the noise spectra in Uie range 100 Hz to 
100 kHz. The cathodes were all operated in the 500- 
l/sec ion-pumped system described above at pressures 
below lO-^o Torr with the residual gas being mainly 
hydrogen. It was necessary to measure the noise output 
at the different frequency ranges contemporaneously to 
avoid the effects caused by sudden changes in noise 
properties, particularly those shown in the single-cone 
cathodes. 

Eight fixed-frequency high-Q bandpass filters were 
constructed with center frequencies of 100, 250, 500, 
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FIG, 18. Noise measurement system. 
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1000, 2500, 5000, and 10000 Hz. A Tektronix IL5 was 
used as the 100000-Hz filter. In addition, a Tektronix 
IL5 spectrum analyzer was used for monitoring the 
overall spectral distribution. The output impedance of 
the measurement circuit was too high to achieve good 
frequency response above 5000 Hz. However, the addi- 
tion of an FET source rfoUower amplifier placed be- 
tween the collector and the noise measurement equip- 
ment extended the flat frequency response to 500 kHz. 
The output of each bandpass filter was fed into an aver- 
aging circuit with a time constant of 10 sec, then into 
a channel of an eight -channel recorder. The recorded 
signal was thus proportional to the average rms value 
of the signal at the frequency of the filter. The system 
was calibrated using a saturated thermionic diode as a 
shot noise source and checked using sine waves of 
known amplitude. 

In general, the fiicker noise is described by the mean 
square current fluctuation <tp„ at a given frequency/ 
in a given frequency range A/ when held at an average 
current /, 



10-^9 



In general 



(15) 
(16) 



where A is the emitting area, J is the average current 
density, and Wis the noise intensity distribution func- 
tion. The objective of the measurements is to obtain W 
as a function off and J, As outlined in Sec. mc, the 
estimation of the emitting area is open to differing 
interpretations. For this reason, we use Eq. (16) for 
the empirical description of the fiicker noise. Plots of 
W' versus / at various values of / are obtained for each 
cathode. 

Results for the single -cone cathode (18-11 -2T), used 
for the previously illustrated Fowler-Nordhelm plot, 
are shown in Fig. 19. In general, the spectrum differs 



E ' ' I ' "III I I I tiiiij 1 I I iiitt 



100 Hz 



1000 Hz 




10-7 10-6 10-6 

I — A 

FIG. 20, Noise as a function of current for single-cone TFFEC 
in quiescent mode (18-11-2T). 
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from mode to mode and the figure shows the spectra for 
the nois est and the most quiescent modes at S^^T 
cm-rent levels. UsuaUy the most quiescent mode showed 

, !' V}\ showed a spectrum 

closer to and was not strongly dependent on the 
current over the measured range (4. 5 xlo- to 1. 5 xlQ-o 
H.; V'^TJ^^!^'' ^"^^ »t th« lov^r end by 

tte Wgh end by the desire to avoid any instablUties that 
might occur as the cone disruption current was 
approached. 

cuJ?e„t'T„\?** ^^'^"^^y 'l^P^^'J^nt the 

current in the noisiest mode is most extraordinary. The 
circui was carefully checked to see that this noiS\^s 

other tests the field emission triode was replaced witt 
a low-noise metal-film resistor to emulate the saJe 
operating conditions in the circuit. In the latter case 
the noise was reduced to a very low level, and no evi- 
dence was observed to explain the existence of high 
noise bursts. Hence, we concluded that it was a genuine 
property of the field emitting source. Even in toe 
quiescent" mode, the flicker noise is many orders of 
magnitude above the shot noise in the frequencyXe 
measured for that current. ^ 

K ^^'^^ molybdenum wire cathodes showed similar 
behavior Hg 21), with the noisiest mode r^ly S^- 
portional to l//« and the quiescent mode to 1// lie 
noisiest mode appeared to be somewhat quieter than the 
noisiest mode of the single cone and did not appeTunS 
currents of 5 xlQ- A were drawn. For the qS^nt 
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and 



(17) 



where c refers to the single -cone TFFEC and E to the 



(18) 



(19) 

From the measuremente shown in Fig. 22 we obtain 

1.5. and U'yiTi^lo, hence ^,M, = 10» = 100. This 
compares with a ratio obtained by Oie Fowler-Norths t, 
method (see Table I) for the same cathLeTof ,5^^^. 
ing in mind the spread in the data from which these 
results were derived, agreement within a factor of 2 
seems reasonable and supports the idea that the correct 
em tfang areas are given by the Fowler-Nordheim 
method. 

The spectra for the 100-cone arrays also show mode 
behavior, but the modes are not so sharply separable 
and exhibit curious spectra, as lUustraSTng 23 
Presumably, each individual cone can be In a quiescent 
or noisy mode at different times, and the sum of Se 
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TABLE m. ComparlsoB of flicker noise spectra for various field emission cathodes 



Cathode 


Current range (A) 


Frequency range 


y 


X 


Ref. 


Clean single- 
crystal tunsten 


4.5xio-» to 1.2X10-* 


100 Hz to 10 kHz 


0. 75 




27 


Tungsten with 
adsorbed residual 
gases 


3.2X10-^ to 2.6X10-6 


100 Hz to 10 kHz 


1-1.3 


• • • 


A f 


Tungsten with 
adsorbed barium 


1.4X10-* to 8X10-' 


100 Hz to 10 kHz 


1.2-1.4 


1 


27 


Tungsten with 
adsorbed potassium 


6X10-^ to 2x10-5 


100 Hz to 10 kHz 


1.2 


1.86 


29 


Zr/W at 900- 














10-* to 10-^ 


2 10 kHz 




2. 2 


30 


TFFEC molybdenum 
single cone 
(c[uiescent mode) 


10-8 to 10-5 


100 Hz to 10 kHz 


1 


1.5 




Etched molybdenum 
wire (quiescent 
mode) 


lO-' to 10-« 


100 Hz to 10 kHz 


1 


1.5 


• • • 



noise currents from each is stationary for long enough 
to take a spectrum in a given condition. Figure 24 shows 
spectra for the 5000-cone array when operating at a 
current of 8. 6 xlO^ or 1 . 72 xlO"^ A per cone. Spectra 
were taken ^in the noisiest mode, in the quietest mode, 
aiKi when elevated to a temperature of 275 **C. The 
character of the spectrum essentially remains the same 
regardless of its condition. Up to about 5000 Hz, the 
spectrum shows a 1//* characteristic. However, at 
around 5000 Hz, a new noise source, generated in the 
system, begins to become effective, which increases 



with Increasing frequency, with a broad peak covering 
50-100 kHz, Figure 25 shows that the current depen- 
dency of the noise in the 1//^ portion of the spectrum is 
proportional to /, but proportional to at 100 kHz ^ere 
the new noise source has become dominant. Note that 
there is no evidence for the existence of this new noise 
source in either the single- or 100 -cone array. In the 
low-frequency half of the spectrum for the 5000-cone 
array, the total noise appears to be dominated com- 
pletely by the cones in the noisy mode, since they 
always show a close to 1//' spectrum. 
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at/=5.04xi(r*A (where »r for8hotiK>lBe"U6xlO-«AVHz). at /i=8.6xi(r< A (where for shot noise = 2. 75 xi(r« A«/ttE) 
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In the case of the 5000-cone array, the difference in 
modes must be caused by the change in the number of 
cones in the noisy mode, since the contribution of the 
cones In the quiescent mode make a much smaller con- 
tribution to the total noise. The fact that the noise at a 
given frequency as a function of current shows a linear 
variation argues that the probabiUty of the cone being 
in the noisy mode is proportional to the current being 
drawn from it. If all the cones were in the noisy mode 
at a level measured from the single-cone experiment, 
a saturation in noise would be expected Tis*en aU the 
cones are in their noisiest state. Extrapolation of the 
data in Pig. 25 suggests that this would occur at about 
3. 5 mA when the noise would be 5000 times that of the 
single cone in its noisiest mode at a corresponding fre- 
quency. Unfortunately, the power limitation of the 
collector prevented these current levels from being 
reached on a continuing basis to check for this effect 
However at2 xlO"' A per cone the hypothesis suggests 
that about 30% of the cones are in Uie noisy mode at any 
given time, or each cone spends about one-third of Its 
time in the noisy mode when drawing this current. 
Chart recordings of the single cone operating at 2 xlO"' 
A showed that in a 300-sec (5-min) period it was in the 
noisiest mode for about 100 sec (comprised of three 
bursts each of approximately 30-40 sec duration) This 
result is consistent with the suggested explanation of the 
behavior of tte 5000-cone array at the low-frequency 

1^^^ *® high-frequency end 

UOOOOO Hz) increases as the square of the current 
demonstrates that its mechanism of generation is totaUy 
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(2. 



different from that at the low-frequency end of the 
spectrum. 

Other investigators have studied field emission flick 
noise -« but, unfortunately, none using molybdenum 
cathodes. No mention of the mode behavior reported 
here has been made even on contaminated points and 
no data has been given from which the emission area 
could be estimated. However, the flicker noise showe, 
the usual variations with frequency and current, when 
the shot noise had been subtracted, taking the form 

A comparison is given in Table ID. 

V. THE NATURE OF THE EMITTING SURFACE 

The evidence given in this paper indicates that emis 
sion from the tip of the cones of the TFFEC arises fro 
just one or a few atoms located on Uie tip. This eviden' 
is summarized as follows: 

(a) The areas given by the Fowler-Nordheim method 
are of the order of a few unit ceU dimensions 

(Sec. inc). 

(b) The electric fields at Oie tip, assuming a smooth 
spherical cap, are too small by a factor of 4 to accoun 
for the observed field emission without requiring an 
unreasonably low work function for the surface The 
necessary enhancement factor is of the right orter to 
be accounted for by an adsorbed molecule (Sec. IHC). 

(c) The apparent area reduction factor to be expectec 
on the basis of a Unear variation of woric function with 
field IS too large to be obtained without substantial 
deviation from the Fowler-Nordheim relationship No 
such deviation is observed wiUi the single -cone TFFEC 
(Sec. nic). 

(d) Disruption of the cones at hi^ current requires 
that the critical temperature of the Nottingham effect 
be above Uie melting point of molybdenum. This only 
occurs if the small areas giveji by the Fowler -Nordhei 
method is used (Sec. DIE). 

(e) The images observed in Oie field emission micro 
scope for the single-cone TFFEC consists of one or a 
few "lobes" Uiat show no regular pattern, as is usually 
observed with the larger single -crystal faces of con- 
ventional thermaUy grown points (Sec. n). The lobes 
are mobile. The resolution and interpretation of such 
lobes as images of atoms is consistent wiUi work by 
Rose, Becker'' and others, as critically reviewed by 
Dyke and Dolan" and Good and Mueller"; and by studie 
of field emitting whiskers." 

(f) The equal heights and rapid rise times of the burf 
of current pulses In all the time domains studied (Sees 
IV C and IVD) indicate the effect of single atoms, such 
as the rearrangement of atoms at the tip, Oie arrival 
and departure of atoms at the emitting area (by surface 
migration, soUd diffusion from within Uie cone or 
arrival and departure to tiie vacuum external to Uie tip) 
or a change in Uie vibrational state of Uie adsorbed 
atom. The last change would alter Uie average distance 
from Uie surface of Uie adsorbed atom in a manner 
analogous to Uie nuclear separation of tite diatomic 
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molecule and woild thus cause a small local work-func- 
tion change. The small -amplitude high-frequency pulses 
could arise from this source and the less common large - 
amplitude events from the gross movement of atoms 
from site to site. 

(g) An alternative explanation worth discussing is the 
possibility that microneedles or whiskers are formed 
on the tips of the molybdenum cones similar to those 
recently reported by Okoyama,** who obtained dendritic 
growth on tungsten by the reduction of tungsten oxide. 
The dendrites were grown on 10-M-diam tungsten wire; 
however, the ends of the ix^iskers were of similar di- 
mensions to those of the cones grown in the experiments 
reported in this paper, having a tip radius of curvature 
in the range 0.05—0.2 In other words, the tips of 
Okoyama*s \«^iskers corresponded to the tips of the 
vapor -grown cones reported here. It seems unlikely 
that additional whiskers can grow from tips with radii of 
only 0. 05 ^ (or about 100 lattice spacings) since such 
whiskers would have to be only a few lattice spacings in 
diameter and a few atom spacings hi^ to account for 
the observed neld magnification factor. Thus, it would 
be a matter of semantics as to whether such protrusions 
were described as atomic bumps or whiskers. Consid- 
erable theoretical and experimental work has recently 
been done to explore the vibration spectra of adsorbed 
molecules by observing the energy distribution of field 
emitted electrons. A review of this technique called 
FEED has recently been given by Gadzuk and Plum- 
mer. There can be no doubt as to the existence of an 
effect due to vibrational levels particularly at the tem- 
peratures that are likely to exist at the Held emitting 
area. 

Note added in proof . Life testis with the 100-cone 
arrays drawing 2 mA total emission (or 3 A/cm*) have 
now continued in excess of 12 000 h as of October 1976. 
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